Introduction {#Sec1}
============

C-Reactive Protein (CRP) is synthesized by the liver in response to inflammation^[@CR1]^. CRP test in human blood is one of the most common hematology tests to measure non-specific inflammation. In the absence of an acute phase of inflammation, the level of CRP is relatively stable. An elevated baseline inflammatory status, as measured by CRP level, has been shown to increase the risk of several chronic conditions, including cardiovascular diseases^[@CR2],[@CR3]^, lung cancer^[@CR4]^, and colorectal cancer^[@CR5]^. Moreover, CRP levels are considered good long-term predictors of prognosis and relapse in patients with various chronic diseases, including colorectal cancer^[@CR5]^, non-small-cell lung cancer (NSCLC)^[@CR6]^, and respiratory^[@CR7],[@CR8]^, gastrointestinal^[@CR5]^, or cardiovascular diseases^[@CR2]^. Using data from a prospective study of lung cancer screening participants from Italy, we already observed that individuals with elevated levels of CRP had a more than three-fold increased risk of overall mortality^[@CR9]^. Thus, although reverse causation (i.e., the raised CRP levels result from (early) symptoms of a concomitant disease) should not be ruled out, this inflammatory biomarker seems able to select higher-risk individuals for morbidity and mortality.

A direct association between elevated levels of CRP, as well as other markers of inflammation, and cigarette smoking has been reported in several investigations^[@CR1],[@CR10]--[@CR21]^, most studies showing a dose-response relationship between CRP levels and smoking intensity and/or duration^[@CR14],[@CR17],[@CR18],[@CR21],[@CR22]^.

Smoking cessation has been shown to induce immediate reduction in the levels of several inflammation markers^[@CR15],[@CR23]^. With specific reference to CRP, various cross-sectional studies showed that ex-smokers have reduced CRP levels as compared to current smokers^[@CR11],[@CR13],[@CR16],[@CR19]--[@CR22]^, the reductions being, however, significant only after several years since cessation (i.e., 5 to 20 years)^[@CR11],[@CR13],[@CR19]--[@CR22]^. In particular, two studies on heavy smokers found no significant differences in CRP levels between current and short-term smoking cessation^[@CR23],[@CR24]^. Only a couple of longitudinal studies are available on the issue, but considering a single CRP assessment at follow-up and a maximum follow-up period of one year^[@CR25],[@CR26]^. A few additional studies with repeated CRP measurements included a relatively limited number of smokers and considered periods of a few weeks^[@CR15],[@CR23],[@CR24],[@CR27]^ up to one year^[@CR28]^ since smoking cessation.

To provide additional information on the issue, we analyzed data from two large studies, which provided CRP levels among samples of heavy smokers before and after smoking cessation, thus allowing us to compare variations in CRP levels among successful smoking quitters. To our knowledge, this study represents the largest prospective study on the issue, and the sole study able to evaluate the role of smoking cessation on CRP levels over more than one year.

Materials and Methods {#Sec2}
=====================

Study population {#Sec3}
----------------

In the present analysis, we considered data on heavy smokers aged 50 years or older who received low-dose computed tomography (LDCT) in the context of two Italian screening studies conducted from 2000 to 2010, whose details were previously described^[@CR29]--[@CR31]^. Briefly, the first investigation was a pilot study started in 2000, offering yearly LDCT for a minimum of 5 years to 1035 smokers aged ≥50 years, with a smoking history of at least 20 pack-years, and without a history of cancer over the last five years^[@CR29]^. The second study, the Multicentre Italian Lung Detection (MILD), started in 2005 and included 4099 smokers (1190 were randomized to annual LDCT screening, 1186 to biennial LDCT screening and 1723 to the control group) with the same characteristics of the previous study^[@CR30]^. 1723 participants who were randomized to the control group in the MILD trial were excluded from the current analysis. Similarly, subjects with missing CRP value at baseline (n = 331) were also excluded. Finally, 30 subjects participated in both the studies. Thus, we considered a total of 3050 ever smokers (2273 current and 777 ex-smokers) with available information on CRP at baseline.

The studies were approved by the Ethics Committee of the Istituto Nazionale Tumori (Milan, Italy) and performed in accordance with relevant guidelines and regulations. All the eligible patients signed an informed consent form before enrolment.

Data collection at baseline {#Sec4}
---------------------------

For each participant, information at baseline was collected on age, sex, smoking status (ex-smokers were participants who had quit smoking since at least one year), number of cigarettes smoked per day, age at starting smoking, age at stopping, lung function (i.e., the percent predicted forced expiratory volume in the first second of expiration, FEV~1~), and plasma level of CRP. Measured height (cm) and weight (kg) at baseline were available for a subgroup of participants (n = 2001). From height and weight we derived body mass index (BMI; kg/m^2^). From smoking intensity and smoking duration, we derived the average number of pack-years.

Longitudinal analysis {#Sec5}
---------------------

The longitudinal analysis was based on a total of 975 current smokers at baseline with a second measurement of CRP and who did not have a diagnosis of lung cancer during follow-up. The second measurement of CRP was obtained after an average period of 3.4 years (SD 1.5 years; range 1.0--10.2 years). Smoking status and possible date at smoking cessation was assessed at each annual or biennial clinical visit during and after the study period by medical interview and a detailed self-administered questionnaire. Ex-smokers at follow-up were participants who had quit smoking since at least one year from the second CRP measurement.

Statistical analysis {#Sec6}
--------------------

Cross-sectional analysis: median values and interquartile range (IQR) for CRP at baseline were provided. We analysed differences between CRP at baseline according to smoking status through parametric (i.e., t-test) and non-parametric tests (i.e., Wilcoxon test -on ranks- and test on medians). Since CRP did not follow a normal distribution, we showed the findings from the non-parametric analysis (test on medians), only. To show differences in CRP values according to smoking status, we used the beeswarm plot. We used the log scale, to take into account the skewness of CRP distribution.

We dichotomized CRP into low (\<2 mg/L) and high (≥2 mg/L) level^[@CR9]^ and estimated the multivariate odds ratios (OR) of high versus low CRP level using unconditional logistic regression model, after adjustment for sex, age, pack-years, and percentage of predicted FEV~1~. A second logistic regression model was considered after further allowance for BMI.

In order to take into account the variability of CRP, we also performed a multiple linear regression analysis. To ensure normality of CRP, we transformed its distribution using lambda = −0.1 (selected through a Box-Cox transformation). The transformed variable was used to estimate beta coefficient and p-values from a linear regression model adjusted for sex, age, average number of pack-years, and percentage predicted FEV~1~.

Longitudinal analysis: we estimated the ORs of increased versus decreased CRP levels during the follow-up according to smoking status at the second CRP measurement. ORs were derived through unconditional multiple logistic regression models after adjustment for sex, age, pack-years, and percentage predicted FEV~1~.

Results {#Sec7}
=======

Table [1](#Tab1){ref-type="table"} shows the distribution of the study population, considered in the cross-sectional analysis, according to selected demographic, clinical, anthropometric and smoking characteristics collected at baseline.Table 1Percent distribution (%) of current and ex-smokers in the cross-sectional analysis, according to selected characteristics collected at baseline.NCurrent smokers at baseline (%)Ex-smokers at baseline (%)Total (N)30502273777Sex Men212366.379.1 Women92733.720.9  p-value^a^\<0.001Age (years) \<5481228.521.0 54--5776426.122.0 58--6172223.524.2 ≥6275221.932.8  p-value^a^\<0.001FEV~1~ (%) \<8047917.414.6 80--99112240.435.4 ≥100127142.250.0 *Missing*178  p-value^a^0.001BMI (kg/m^2^) \<18.5302.00.5 18.5--24.979843.931.3 25.0--29.988842.747.9 ≥3028511.420.3 *Missing*1049  p-value^a^\<0.001Pack-years \<40148446.953.8 ≥40156653.146.2  p-value^a^0.001^a^Differences between current and ex-smokers were tested using chi-square tests.

Mean CRP values at baseline was 2.84 mg/L among current smokers and 2.53 mg/L among ex-smokers. Median values were 1.61 mg/L (IQR: 0.82--3.18) and 1.35 mg/L (IQR: 0.73--2.75), respectively (p on medians \<0.001). Median values of CRP decreased with increasing time since stopping, being 1.49 mg/L (IQR: 0.73--3.36) in ex-smokers since 1--3 years, 1.35 mg/L (IQR: 0.77--2.77) in 4--7 years and 1.22 mg/L (IQR: 0.73--2.24) in those having stopped since more than 8 years (Table [2](#Tab2){ref-type="table"}). Among ex-smokers, the difference in median CRP was not significant for 4--7 vs. 1--3 years or ≥8 vs. 4--7 years, while the difference was statistically significant for ≥8 vs. 1--3 years since smoking cessation (p = 0.031). Figure [1](#Fig1){ref-type="fig"} shows the beeswarm plot of CRP distribution by smoking status. Median values of CRP were significantly higher among men, subjects aged ≥65 years, with FEV~1~ \< 80%, BMI ≥ 30 kg/m^2^, and pack-years smoked ≥40 **(**Supplementary Table [1](#MOESM1){ref-type="media"}).Table 2Odds ratios (OR) of C-Reactive Protein (CRP) ≥ 2 mg/L versus CRP \<2 mg/L, and corresponding 95% confidence intervals (CI), according to smoking status and time since stopping smoking at baseline.N^a^CRP, continuous variableCRP, dichotomized variableMedian, mg/L% CRP ≥ 2 mg/LOR (95% CI)^b^ CRP ≥ 2 mg/L vs. \<2 mg/LOR (95% CI)^c^ CRP ≥ 2 mg/L vs. \<2 mg/LSmoking status  Current smoker22731.6141.11^d^1^d^  Ex-smoker7771.3535.8**0.79 (0.66--0.95)0.59 (0.48--0.74)**Time since stopping  1--\<4 years2421.4942.61.09 (0.83--1.44)0.86 (0.62--1.18)  4--\<8 years2621.3536.30.80 (0.61--1.06)**0.55 (0.40--0.75)**  ≥8 years2731.2229.3**0.55 (0.41--0.74)0.41 (0.29--0.59)**p for trend\<**0.001**\<**0.001**IQR: interquartile range.^a^Total number of ever smokers with available information on CRP at baseline (N = 3050).^b^ORs were estimated using unconditional multiple logistic regression models after adjustment for sex, age, average number of pack-years, and percentage predicted FEV~1~. Estimates in bold are those statistically significant at the 0.05 level.^c^ORs were estimated using unconditional multiple logistic regression models after adjustment for sex, age, average number of pack-years, percentage predicted FEV~1~ and body mass index. Estimates in bold are those statistically significant at the 0.05 level.^d^Reference category.Figure 1Beeswarm plot showing the distribution of C-Reactive Proteine (log scale) according to smoking status at baseline.

Table [2](#Tab2){ref-type="table"} also shows that the overall prevalence of ever smokers with CRP ≥ 2 mg/L was 39.7%; ex-smokers were less likely to have CRP ≥ 2 mg/L compared to current smokers (OR was 0.79; 95% CI: 0.66--0.95). Compared to current smokers, OR for ex-smokers with time since stopping less than 4 years was 1.09 (95% CI: 0.83--1.44), for 4 to less than 8 years was 0.80 (95% CI: 0.61--1.06), and since more than 8 years was 0.55 (95% CI: 0.41--0.74). OR for ex-smokers since more than 5 years was 0.71 (95% CI: 0.57--0.89; data not shown in table). After further adjustment for BMI, the OR of ex smokers decreased to 0.59 (95% CI: 0.48--0.74). The ORs were 0.86 (95% CI: 0.62--1.18) for quitters since less than 4 years, 0.55 (95% CI: 0.40--0.75) for 4 to less than 8 years, and 0.41 (95% CI: 0.29--0.59) since more than 8 years. Similar results were found when we used, as an alternative cut-off point for high CRP, values ≥3 mg/L (Supplementary Table [2](#MOESM1){ref-type="media"}). The results from the dichotmized analyses were consistent with those found from multiple linear regressions: compared to current smokers, ex-smokers had a reduced CRP value (p \< 0.001). However, CRP significantly decreased only after 8 years since stopping (p \< 0.001). Once further adjusting for BMI, p-values became significant after 4 years since stopping smoking (p \< 0.001; Supplementary Table [3](#MOESM1){ref-type="media"}). Table [3](#Tab3){ref-type="table"} shows the ORs for CRP ≥ 2 mg/L according to selected smoking characteristics, among ever, current, and ex-smokers. Among ever smokers, those with a higher smoking intensity (OR for ≥25 vs. \<15 cigarettes per day was 1.65; 95% CI: 1.24--2.20; p for trend = 0.001), smoking duration (OR for ≥40 vs. \<35 years of smoking was 1.42; 95% CI: 1.12--1.80; p for trend = 0.004), and number of pack-years (OR for ≥45 vs. \<35 pack-years was 1.54; 95% CI: 1.27--1.86; p for trend \< 0.001) were more likely to have CRP ≥ 2 mg/L. A similar pattern was observed among current smokers (corresponding ORs were 1.96, 95% CI: 1.41--2.72 for smoking intensity; 1.34, 95% CI: 1.00--1.78 for smoking duration, and 1.76, 95% CI: 1.48--2.22 for pack-years). Among ex-smokers, CRP was significantly higher in participants having smoked for more than 40 years (OR was 1.62; 95% CI: 1.03--2.57), while no significant relationship was observed between CRP and smoking intensity and number of pack-years.Table 3Odds ratios (OR) of C-Reactive Protein (CRP) ≥ 2 mg/L vs CRP \<2 mg/L, and corresponding 95% confidence intervals (CI), according to selected smoking characteristics among ever, current, and ex-smokers at baseline.Smoking characterisicsN^a^% CRP ≥ 2 mg/LOR (95% CI)^b^, CRP ≥ 2 mg/L vs \<2 mg/LEver smokersCurrent smokersEx-smokersSmoking intensity (cigs/day) \<1530630.71^c^1^c^1^c^ 15--24174938.6**1.40 (1.07--1.83)1.57 (1.15--2.13)**0.92 (0.51--1.67) ≥2599544.4**1.65 (1.24--2.20)1.96 (1.41--2.72)**0.91 (0.49--1.68)  p for trend**0.001**\<**0.001**0.807Smoking duration (years) \<3587732.81^c^1^c^1^c^ 35--4081237.41.16 (0.93--1.44)1.13 (0.87--1.47)1.12 (0.74--1.67) ≥40136145.5**1.42 (1.12--1.80)1.34 (1.00--1.78)1.62 (1.03--2.57)**  p for trend**0.0040.0470.047**Pack years (number) \<35101331.21^c^1^c^1^c^ 35--4592741.1**1.36 (1.11--1.65)1.53 (1.21--1.92)**0.93 (0.62--1.39) ≥4511046.3**1.54 (1.27--1.86)1.76 (1.48--2.22)**1.03 (0.71--1.50)  p for trend\<**0.001**\<**0.001**0.858^a^Total number of ever smokers with available information on CRP at baseline (N = 3050).^b^ORs were estimated using unconditional multiple logistic regression models after adjustment for sex, age, percentage predicted FEV~1~, and, when applicable, smoking status. Estimates in bold are those statistically significant at the 0.05 level.^c^Reference category.

Of the 975 current smokers at baseline with a second CRP measurement, 14.5% (n = 141) stopped smoking during the study period (Table [4](#Tab4){ref-type="table"}). No significant association was found between smoking cessation and variation in CRP (OR of increased vs. decreased CRP for ex-smokers was 1.05; 95% CI: 0.73--1.51 compared to current smokers). No significant decrease in the OR was apparent with increasing of time since smoking cessation (ORs of increased vs. decreased CRP were 1.21, 1.04, and 0.91 for ex-smokers since 1 year, 2--3 years and ≥4 years, respectively). The results were similar when considering the ORs of subjects increasing or slightly decreasing CRP (i.e., by less than 20% of the value at baseline) vs. those considerably decreasing CRP (Supplementary Table [4](#MOESM1){ref-type="media"}).Table 4Odds ratios (OR) of increased versus decreased C-Reactive Protein (CRP), and corresponding 95% confidence intervals (CI), according to smoking status and time since stopping smoking in the longitudinal analysis.N^a^% increased CRPOR of increased vs. decreased CRP (95% CI)^b^Smoking status at the end of the study period Current smoker83449.51^c^ Ex-smoker14150.41.05 (0.73--1.51)Time since stoppimg 1--\<2 years3953.91.21 (0.63--2.33) 2--\<4 years6750.81.04 (0.63--1.71) ≥4 years3545.70.91 (0.45--1.82)^a^Total number of current smokers at baseline with available CRP measure at the end of the study period (N = 975).^b^ORs refer to an increase in the value of CRP since the first measurement at the baseline to the second measurement at the follow-up, as compared to a decrease in CRP during this period. Subjects with the same value of CRP in both measurements were considered in the group of those who increased CRP. ORs for increased vs. decreased CRP at follow-up were estimated using unconditional multiple logistic regression models after adjustment for sex, age, average number of pack-years, and percentage predicted FEV~1~.^c^Reference category.

Discussion {#Sec8}
==========

In this study, we confirm that ex-smokers have significantly lower levels of CRP than current smokers^[@CR19]^. CRP is significantly related to smoking intensity, duration and pack-years of smoking in ever and current smokers. Furthermore, we were able to elucidate the role of smoking cessation on CRP levels, confirming that a reduction in CRP is evident for former compared with current smokers. More importantly, we were also able to provide evidence, supported by longitudinal analyses, that no significant benefit in terms of CRP levels is evident at least during the first four years after cessation.

In ex-smokers, CRP appears to be significantly related to smoking duration, but not to intensity and pack-years. This supports the idea that CRP, as well as the risk of other diseases including lung cancer^[@CR32]^, depends more strongly on smoking duration than on smoking intensity.

Most previous cross-sectional studies analyzing the issue found a relationship between CRP and smoking status, with current smokers having the highest levels of CRP, never smokers the lowest ones, and ex-smokers slowly reverting after smoking cessation to the levels of never smokers^[@CR11],[@CR13],[@CR16],[@CR19]--[@CR22]^.

Few other longitudinal studies are available on the issue. In one of these, based on a US cohort, authors compared CRP levels between 621 continuing smokers and 352 subjects who successfully stopped smoking. After one year of follow-up, CRP levels did not significantly differ among the two groups^[@CR25]^. In another US cohort with a similar study design, based on 888 smokers attempting to stop, including 334 subjects who successfully stopped, after one year of follow-up, ex-smokers showed significant reductions in selected inflammatory markers, but not in CRP^[@CR26]^. In another study, 46 female heavy smokers who successfully stopped smoking were followed for 6--7 weeks after smoking cessation. Several inflammatory bio-markers showed significant reductions; no statistically significant change was, however, observed for CRP^[@CR23]^. In a randomized controlled study on 48 smokers, after only four weeks, suPAR values of ex-smokers fell to those of never smokers, but CRP levels did not significantly change^[@CR15]^. Two other studies based on 154^[@CR24]^ and 138 female smokers^[@CR27]^, respectively, showed no significant variation in CRP levels between continuing smokers and successful quitters a few weeks after cessation. Finally, the same null result was found in a study based on 30 current smokers and 30 ex-smokers with available CRP measurements at baseline and after one year since smoking cessation^[@CR28]^.

Various possible explanations can be given to explain the fact that smoking cessation appears to influence CRP in the long-term, but not in the short-term, as observed for several other biomarkers of inflammation^[@CR15],[@CR23]^. For example, there is evidence that CRP levels are strongly related to various measures of adiposity and body fat, including waist circumference, BMI and weight gain^[@CR1],[@CR25],[@CR26],[@CR33]^. Accordingly, BMI at baseline -- available for a subgroup of our study population -- showed a strong direct relationship with CRP levels (OR of CRP ≥ 2 mg/L was 5.26; 95% CI: 3.94--7.03, for obesity vs. normal weigh). Thus, the limited effect of smoking cessation on CRP may be explained by the fact that smoking merely affects cellular inflammation whereas CRP likely reflects metabolic, rather than cellular, inflammation^[@CR15],[@CR24]^.

Moreover, there can be some residual confounding by unmeasured variables. In particular, it is possible that quitters more frequently develop smoking-related diseases or symptoms than continuing smokers^[@CR34]^. Although we excluded from the longitudinal analysis subjects diagnosed with lung cancer between the two CRP measures, a residual confounding by concomitant diseases affecting inflammation should not be ruled out and may partly explain the unfavourable pattern for ex-smokers who quit smoking less than one year prior. More importantly, successful quitters gain weight rapidly after cessation^[@CR26],[@CR35]^. Therefore, the possible inverse association between CRP and smoking cessation could have been masked by the stronger positive relaionship between CRP and weight gain^[@CR1],[@CR25]^. Unfortunately, we had no information on BMI at follow-up and therefore we could not adjust our estimates for this variable in the longitudinal analysis. However, further adjustment for BMI in a subsample of study subjects in the cross-sectional analysis led to a substantial decrease in the ORs.

It is possible that CRP is a better indicator of overall mortality than of short-term morbidity. Indeed, the pattern of decline in CRP in relation to time since stopping smoking mirrors the risk curves observed for lung cancer incidence or total respiratory diseases and COPD mortality^[@CR36],[@CR37]^. The CRP pattern unlikely mirrors the curves for coronary heart diseases, where significant reductions are already evident after 2 to 3 years since smoking cessation^[@CR13]^.

Limitations of the present study include the impossibility to further adjust models of the longitudinal analysis for selected covariates, such as concomitant diseases or BMI assessed during the second CRP measurement; however, in the longitudinal analysis, further adjustment for BMI at baseline (as proxy of BMI at follow-up) did not modify the association between smoking status and change in CRP. We used data on self-reported smoking status without biochemical verification, thus the information is subject to a potential reporting bias. Nonetheless, previous reports have underlined the accuracy of self-reported measurements^[@CR38]^. Moreover, we decided to dichotomize CRP using as the cut-off 2 mg/L. This may be subject to a degree of arbitrariness. However, the main results did not substantially differ changing the cut-off or considering CRP as a continuous variable. Finally, considering that the second CRP measurement occurred at a different time point, survival bias (i.e., people who stopped smoking for a long time are those who survived for such a period) could not be ruled out; however, the second CRP measurement was obtained within less than 5 years for 94% of subjects. Strengths include the longitudinal study design, the assessment of CRP measurements before and after cessation, and the uniquely large sample size -- to our knowledge this is the largest longitudinal study in terms of sample size.

In conclusion, in the largest prospective study available so far, we confirm the favourable effect of smoking cessation on CRP levels, which increases with the length of time since stopping smoking. However, such benefit is not evident at least during the first four years following cessation. Our findings are compatible with the fact that CRP is a better indicator of (cancer) mortality rather than of short-term morbidity. However, the lack of any influence of smoking cessation on ex-smokers who quit less than four years prior may be partly or fully due to our impossibility to adjust longitudinal models for unmeasured covariates, including weight gain or BMI.
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